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IschemiaAbstract Objective: To evaluate role of multi-detector CT angiography in assessment of collateral
circulations in chronic lower limb ischemia based on anatomical background as well as mapping the
collateral circulations and identifying their frequencies and variations, and whether they are pre-
existing or newly formed.
Materials and methods: 105 patients with manifestation of lower limb ischemia underwent CT
angiography for disease evaluation and further treatment planning.
Results: On the basis of CT angiographic findings, the study shows the distribution of the arterial
lesions and the different patterns of the arterial collateralization in peripheral arterial disease. The
diabetic patients had an infrapoplitial disease distribution tendency more than the non-diabetic
ones with the superficial femoral artery most affected in both parties. Collateral circulations were
present significantly more in non-diabetic subjects than in diabetic ones. The patterns included both
systemic and visceral anastomotic pathways.
Conclusions: MDCT angiography is excellent noninvasive scanning technique for patients with
chronic lower limb ischemia, with higher spatial resolution and faster acquisition times, allowing
excellent assessment of the lower limb arterial lesions and collateral pathways.
 2016 The Egyptian Society of Radiology and Nuclear Medicine. Production and hosting by Elsevier.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).1. Introduction
Multislice CT angiography has created a new diagnostic
strategy in peripheral arterial circulation, with widespread
clinical applications and diagnostic accuracy when compared
Table 1 Distribution of gender and diabetes mellitus in the studied population.
Sex Total
Female Male
Diabetic status Non-diabetic Count 10 48 58
% within nondiabetes 17.2% 82.8% 100.0%
% within sex 45.5% 57.8% 55.2%
% of Total 9.5% 45.7% 55.2%
Diabetic Count 12 35 47
% within diabetes 25.5% 74.5% 100.0%
% within sex 54.5% 42.2% 44.8%
% of Total 11.4% 33.3% 44.8%
Total Count 22 83 105
% within diabetes 21.0% 79.0% 100.0%
% within sex 100.0% 100.0% 100.0%
% of Total 21.0% 79.0% 100.0%
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raphy (DSA), and duplex ultrasound (1).
Peripheral arterial disease (PAD) is characterized by a
gradual reduction in blood flow to one or more limbs sec-
ondary to atherosclerosis. Diabetes, smoking, hypertension,
and hyperlipidemia are important risk factors for peripheral
arterial disease. It is also an important risk factor for lower
extremity-amputations in diabetic patients with chronic foot
ulcers (2).
Peripheral vascular disease is significantly more prevalent in
males than females. A tendency to a distal distribution of PVD
has also been well characterized for certain subgroups such as
patients with diabetes (3). Diabetes duration is a significant
predictor for peripheral arterial disease development (4).
The identification of arterial collateral pathways is clinically
significant for proper anatomical interpretation of CT images,
surgical planning, and avoiding morbidity from vascular
injury. The Winslow pathway that is from the subclavian
artery to the internal thoracic and then the epigastric arteries
to the lower limb arteries has been described in multiple
reports. Iatrogenic damage to the pathway due to failure to
recognize this artery as a collateral source of blood supply to
the lower extremities occurs causing postsurgical ischemia.
Using the internal mammary artery for coronary artery bypass
surgery in a patient who is dependent on this artery for lower
extremity arterial flow can cause lower extremity claudication
and ischemia (5).
The superficial course of the superficial femoral artery may
also put it at risk to be inadvertently cut during transverse
abdominal surgery. The gonadal artery collateral pathway
may be theoretically ligated during renal and scrotal surgeries,
thus compromising lower extremity vascularity. Collateral
pathways may be seen as direct end-to-end anastomosis of
arteries, or via small branching networks of arterioles (6).2. Patients and methods
This study included 105 patients who were referred to the
Radiology Department of Cairo University hospital (Kasr
Alainy) from the Surgery Department with suspected lower
limb arterial disease. There were 83 males and 22 females, aged
from 26 to 85 years old.All patients included in the study were bipeds and had com-
plete arteriograms from aorta to pedal vessels.
They underwent multi-detector row CT angiography of the
aorta and lower limb arteries. The data were collected between
May 2013 and April 2014.
The case notes were reviewed to obtain details of concur-
rent cardiac and cerebrovascular disease. The presence or
absence of atherosclerotic risk factors including smoking, dia-
betes mellitus and hypertension was also recorded. 58 patients
were non-diabetic and 47 were diabetic distributed as shown in
Table 1.
2.1. Patient preparations
Patients’ laboratory data are initially revised with particular
interest in the results of the renal function tests.
No food for 4 h before examination (patient should be well
hydrated for renal protection and for easy establishing venous
access).
Take pre-medications for contrast allergy if there is allergic
history.
2.2. Multi-detector row CT angiography
The examination was performed using sixty-four section
MDCT scanner (Aquillion, Toshiba Medical Systems, Japan).
Patients were positioned supine on the CT table in the ‘‘foot
first” position with his arms resting comfortably above the
head.
Two scouts are acquired, antero-posterior and lateral. The
examination is planned on these scouts from the level of T12
till the feet.
A localizer section is chosen at the level of the T10. A
region of interest (ROI) is applied on the descending aorta at
this level. Acquisition is started manually when a threshold
of 150 HU is reached.
CT angiography is performed following target injection of
120–150 ml of contrast medium at a flow rate 3–4 ml/s. The
contrast medium used was low osmolar non-ionic contrast
medium (Omnipaque 300–350; Nycomed Amersham, Prince-
ton, NJ). The scan is performed by using a 2.5 mm nominal
section thickness, a slice pitch of 6, a gantry rotation period
Fig. 1 CTA of 61 year old non-diabetic male with totally occluded abdominal aorta just below the origin of the inferior mesenteric
artery (arrow), showing collateralization through prominent intercostal arteries (notched arrow) to deep circumflex iliac artery. There is
concomitant superficial femoral artery block on both sides at their origins. Collateral refilling of the distal parts of the popliteal arteries
just above the knee is noted.
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voltage is 120 kV, and the current is 300–350 mA.
Sections are reconstructed at 1.25 mm which is half the
nominal section thickness. The whole examination takes 10–
20 min depending on the venous access while actual time of
scanning ranges from 20 to 30 s. All images are transferred
to the workstation for post processing.
2.3. Image reconstruction
Axial images: the console automatically displays axial images
of the slices of the anatomical area under investigation, usually
at 1 mm intervals.
Multiplanar reformatting: The three-dimensional recon-
struction software provides direct access to images displayed
in the three orthogonal planes, axial, sagittal, and coronal.
Reconstruction of the curved plane: Curved MPR: The
same three-dimensional software that enables MPR allowsreconstruction of curved planes (curved reformatting), accord-
ing to the course and location of the aorto-iliac arteries. The
course of each artery can therefore be followed point by point
and image by image. Direct reconstruction of a curved plane
yields an image of the vessel of interest, from its origins and
extending to its more distal segments. These images may be
obtained automatically, with reconstruction software that
identifies the aorta and iliac arteries based on their higher
CT density.
Volume rendering: Volume rendering means the projection
of data in a 3D slab so that the intensity of all the voxels in the
slab is averaged on a final 3D image.
Patterns of collateralization were categorized and described
as follows:
On the aorto-iliac level both types of anastomosis, visceral
and parietal inter systemic were observed:
The first type of anastomoses was mainly ipsilateral sys-
temic: between the superior epigastric artery and the inferior
Fig. 2 CTA of 61 year old non-diabetic male with complete
absence of the right arterial pathway from the iliac to the popliteal
artery, showing their replacement by the collateral circulation
from the lumbar artery (arrow) to the branches of the internal iliac
artery (notched arrow), to the circumflex iliac artery (striped
arrow), and then to the branches of the profunda femoris artery
(curved arrow).
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communicates via its pubic branch with the obturator artery
and consequently with the internal iliac artery.
Also collateral refilling from the intercostals arteries to the
deep circumflex iliac provides a pathway for blood to the lower
limbs in extensive aortic stenosis (Fig. 1).
The fourth lumbar artery through collateralization with the
iliolumbal artery filled the internal iliac artery and through col-
lateralization with the deep circumflex iliac artery filled the
external iliac artery.
The second type of anastomoses is through the visceral
branches from the superior rectal of the inferior mesenteric
to the internal iliac through rectal arteries, vesical arteries
and the pararectal plexus. To a lesser degree additional blood
enters through the median sacral artery (of the aorta). Theblood flow from this network fills the visceral branches of
the internal iliac artery.
On the iliofemoral level, occlusion of the common iliac with
the external and sometimes the internal iliac was found. Collat-
eralization was from the lumbar branches of the aorta to
branches of the internal iliac to the deep circumflex iliac to
the branches of the profunda femoris with reentry to the super-
ficial femoral artery (Fig. 2). Sometimes, visceral branches of
the internal iliac fill the branches of the profunda femoris.
Concerning femoro-popliteal occlusions, there were vari-
able collateral patterns in each subject but there were fre-
quently observed patterns as follows:
With occlusion of the common femoral artery, the internal
iliac to profunda femoris pathway was observed where blood
from the branches of the internal iliac fills the branches of
the profunda femoris.
With occlusion of the superficial femoral artery, the
branches of the profunda femoris played the main role in deliv-
ering blood to the thigh and leg with either re-entry at the level
of the superficial femoral artery, or if the SFA totally occluded
re-entry occurred at the level of the popliteal. With occlusion
of the SFA and popliteal branches of the profunda femoris
filled the geniculate vessels that formed a network around
the knee (Fig. 3). The geniculate artery pattern varied greatly
from one patient to the other.
A short occlusion of the superficial femoral artery was
observed at the level of the adductor hiatus (which was
observed a common site for occlusion) and collateral refilling
occurred by muscular branches from the superficial femoral
artery to the geniculate arteries .
Infrapopliteal disease was observed in many cases especially
diabetic subjects, and collateralization occurred from the
popliteal to the distal part of the occluded anterior tibial or
posterior tibial or peroneal through their recurrent branches.
If the three arteries were occluded, attempts of collateraliza-
tion were via smaller branches of the three major vessels to
refill the planter vessels (Fig. 4). In diabetic subjects collateral
circulation was either absent or very weak (Fig. 5).3. Results
The data were calculated by SPSS version 16.0 for windows
statistical analysis software. Patients were divided into cate-
gories of male non-diabetic, male diabetic, female non-
diabetic and female diabetic. Age frequencies and means were
calculated. Unilateral disease and bilateral disease were
recorded and calculated with ratios between male and female
categories (see Charts 1–3).
Segments were categorized into affected and non-affected
where affected segments included stenosis and occlusion. From
these data each segment was compared in males versus females
and diabetics versus non-diabetics and then was analyzed
using Chi-square (v2) test to see whether there is a significant
difference between the results of each two groups in gender
and diabetic status, and p value of <0.05 was considered sta-
tistically significant.
The angiograms were reviewed and the presence of uni or
bilateral disease was noted, as well as the number of segments
affected and the detailed anatomical distribution of the lesions.
Collateral arterial pathways were also observed and described
when present. The location and length of each encountered
Fig. 3 CTA of a 63 year old non-diabetic male with occlusion of the superficial femoral artery shortly after its origin (arrow) showing
multiple collaterals from the profunda femoris artery to the geniculate arteries (arrow head) that succeeded in refilling the anterior
(notched arrow) and posterior tibial (stripped arrow) arteries.
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of division of the arterial tree of the lower extremity into 12
segments (Table 2).
The grade of the observed arterial lesion was classified as
follows:
1. Normal.
2. Mild stenosis: reduction of the diameter <50%.
3. Marked stenosis: reduction of the diameter 50–99%.
4. Occlusion: complete obliteration of the lumen of the vessel.
In the present study, bilateral disease was more common in
females than in males, with a ratio of bilateral to unilateral of
4.6:1 for males and 6:1 for females.
The percentage of lesions in each segment in the study pop-
ulation, the superficial femoral artery had the highest disease
rate, followed by the anterior tibial artery, then the popliteal
artery, the abdominal aorta, the profunda femoris and finally
the common femoral artery has the lowest disease rate. In
the non-diabetics, the superficial femoral artery was still with
highest disease rate, followed by the anterior tibial artery, then
the popliteal, the aorta, the common femoral, and lastly the
profunda femoris. This indicates a higher disease rate in the
femoropoplitial level. In the diabetics, the anterior tibial came
first with the disease rate, then the superficial femoral, the
popliteal, followed by the profunda femoris, the common
femoral and the lowest disease rate was in the abdominal infra-
renal aorta. This indicates a more severe infrapoplitial disease.
The analysis of the data and the observation of the various
patterns of lower limb collateral circulation revealed 62 had apatent collateral arterial system. 42 (67.7%) of these were non-
diabetic and 20 (32.2%) were diabetic. The relation between
the presence of diabetes and the presence or absence of collat-
eral circulation is that collateral circulation is significantly
higher in non-diabetics with a p value of 0.002.
Both types of anastomoses – visceral and parietal intersys-
temic were found during our work. They are involved to over-
come the gradually developed occlusion of the abdominal aorta
and the common iliac vessels. The first type of anastomoses
found was mainly systemic and ipsilateral which is the superior
epigastric artery – inferior epigastric artery. Additionally the
inferior epigastric communicates via pubic branch with the
obturator and consequently with the internal iliac (the aberrant
obturator artery). Connecting the aorta to the iliac vessels also
is the fourth lumbar through the iliolumbar to the internal iliac
and through the deep circumflex iliac to the external iliac.
The second type is realized through the visceral branches
which are the middle and inferior rectal and vesical arteries.
Additional blood enters to the pararectal plexus through supe-
rior rectal, the continuation of the abdominal inferior mesen-
teric, and to a lesser degree through median sacral. The
blood flow from this network fills the visceral branches of
the right internal iliac.4. Discussion
105 patients were included in the present study, 101 of them
were with angiographically proven PAD. Concerning sex
prevalence, the male to female ratio was 4:1. Morris-Stiff
Fig. 4 CTA of a 67 year old diabetic male with bilateral
infrapoplitial disease and multiple level occlusions followed by
filling of the distal posterior tibial artery (arrow).
Fig. 5 A 51 year old diabetic male subject showing an example
of diabetic lesion with extensive calcifications and infrapoplitial
disease also with no collateralization.
Chart 1 Percentages of arterial lesion distribution in the studied
population.
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angiograms fitting the defined study criteria. There were 310
males and 190 females giving a male to female ratio of 1.6:1.
Patients in the present work presented with a mean age of
60.86 for females versus 56.96 years for males. The age distri-
bution in the current study reflects a higher prevalence of
peripheral arterial disease in the late fifties – early sixties,
which is comparable to data provided by (7,8) where their
mean age was 59 and 60 respectively.
Females presented with an older mean age in the present
work. Similarly, Morris-Stiffet al. (3) also noted that female
subjects have an older mean age at presentation, which may
reflect the positive effect of estrogen on the cardiovascular sys-
tem until menopause. Baranbas et al. (9) pointed out that the
occurrence of PAD in premenopausal women is low. Conse-
quently, the increased incidence with menopause has suggested
an essential protective role of estrogens in regulation of vascu-
Chart 2 Percentages of arterial lesion distribution in non-
diabetics.
Chart 3 Percentages of arterial lesion distribution in diabetics.
Table 2 Divisions of the lower limb arterial tree.
1 Infrarenal Abdominal Aorta (AA)
2 Common Iliac Artery segment (CIA)
3 External Iliac Artery segment (EIA)
4 Common Femoral Artery segment (CFA)
5 Superficial Femoral Artery segment (SFA)
6 Profunda Femoris Artery segment (PFA)
7 Popliteal Artery segment (Pop.)
8 Proximal Anterior Tibial Artery segment (ATA)
9 Tibioperoneal trunk (TP)
10 Posterior Tibial Artery segment (PTA)
11 Peroneal Artery segment (PA)
12 Dorsalis pedis Artery segment (DP)
Assessment of collateral circulations 881lar tone, and in the proliferation of cells, which is a key factor
for angiogenesis.
Contrary to the results of the present study, a study con-
ducted in China by (10) concluded that the prevalence of
peripheral arterial disease was higher in females than that in
males. More female subjects with PAD were over 69 years
old compared with those without PAD and more frequently
had a smoking habit and diabetes.In the present study, bilateral disease was more common in
females than in males, with a ratio of bilateral to unilateral of
4.6:1 for males and 6:1 for females. However, Morris-Stiff
et al. (3) disagree with that. The prevailing type for both sexes
was multiple bilateral lesions. There was no significant differ-
ence in the number of stenosis in terms of ratio of bilateral
to unilateral (2.39 vs 2.77) or ratio of multiple to single lesions
(1.5 vs 1.7) between male and female groups. The disease was
more common in male at all anatomical locations. PVD affects
more numerous sites in the male than in the female.
In the present work, in the non-diabetics, a higher disease
rate was in the femoropoplitial level while in the diabetics,
the disease is more severe in the infrapoplitial level. Similarly,
a study conducted in England by (2) concluded that diabetic
patients have worse peripheral arterial disease below the knee
and are at higher risk of lower extremity amputation than non-
diabetic patients.
In the Netherlands, in 2002, a study was conducted by (11)
concluded that lower limb atherosclerosis in diabetes is more
severe in distal segments, while the proximal segments remain
less attenuated compared with patients without diabetes.
On the other hand, another study conducted in Brazil by
(12) stated that the peroneal artery was the most frequently
affected artery in angiograms of diabetic and non-diabetic
patients with critical limb ischemia.
In the present study both types of anastomoses – visceral
and parietal intersystemic were found to be involved to over-
come the gradually developed occlusion of the abdominal
aorta and the common iliac vessels. These 2 patterns agree
with the description of (13) when they studied the aortoiliac
pathways in case obstruction. The authors stated that blood
flow in the collateral network increased two to three times
depending on the level and extent of occlusion. Their recom-
mendations were that in cases of developed communication
via internal thoracic artery – inferior epigastric artery its inter-
ruption in cross sections of the anterior abdominal wall or use
of these areas as a flap in reconstructive surgery is
contraindicated.
In the present study, regarding femoropoplitial occlusions,
there were variable collateral patterns in each subject but there
were 3 frequent patterns observed: The internal iliac to pro-
funda femoris pathway, the profunda femoris to geniculate
arteries pathway and the profunda femoris to the infrapoplitial
vessel pathway.
Similarly, Cronenwett (14) described that collaterals
bypassing occlusion of the SFA/popliteal artery originate pre-
dominately from the profunda femoris and occasionally from
the lateral circumflex femoral artery. Blood flows through a
series of geniculate arteries with re-entry into the distal SFA
or the popliteal or tibial arteries. The lumen of the geniculate
arteries can greatly increase in size. The geniculate arteries
have been used as targets for bypass grafts.
In the present work, these pathways have been found in the
Egyptian population, and thus it is crucial to investigate the
arterial system before major surgeries in the abdominal and
thoracic areas.
Also, in the present work collateral pathways were demon-
strated through the branches of the profunda femoris and the
geniculate vessels that appeared of size close to the main arte-
rial vessels of the same area. Explaining the importance of
these vessels (15) suggested that, these collateral pathways
are not only a natural way of preserving the limb vasculature
882 A.S. Awad et al.in matters of occlusion but also a way of management through
‘‘trans-collateral” angioplasty for chronic total occlusion of
the tibial vessels.
In this study also arteriogenesis was found more in non-
diabetic subjects than in diabetic ones. This finding was
explained first on rabbit models by (16) explaining that chronic
hyperglycemia negatively affects the different phases of arteri-
ogenesis; impaired shear induced vasodilatation; impaired out-
ward collateral growth, reflected in the number of collaterals
and blood volume index; and inhibition of monocyte chemo-
taxis. Impairments were most evident in the acute phase of
arteriogenesis. Therapies aimed at restoring acute collateral
recruitment, such as vasodilators, may be of interest to
improve collateral function in diabetes.
5. Conclusion
CTA has become standard non-invasive imaging modality for
the depiction of vascular anatomy and pathology. The quality
and speed of CTA examinations have increased dramatically
as CT technology has evolved from one channel spiral CT sys-
tems to multi channel (4–16–320 slice) spiral CT systems.
Female patients presented less than male patients with a
higher mean age but there was no difference in lesion distribu-
tion between both genders.
The diabetic patients had an infrapoplitial disease distribu-
tion tendency more than the non-diabetic ones with the super-
ficial femoral artery most affected in both parties.
Collateral circulations were present significantly more in
non-diabetic subjects than in diabetic ones. The patterns
included both systemic and visceral anastomotic pathways.
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